Expression and function of the follicle-stimulating hormone receptor (FSHR) in females were long thought to be limited to the ovary. Here, however, we identify extragonadal FSHR in both the human female reproductive tract and the placenta, and test its physiological relevance in mice. We show that in nonpregnant women FSHR is present on: endothelial cells of blood vessels in the endometrium, myometrium, and cervix; endometrial glands of the proliferative and secretory endometrium; cervical glands and the cervical stroma; and (at low levels) stromal cells and muscle fibers of the myometrium. In pregnant women, placental FSHR was detected as early as 8-10 wk of gestation and continued through term. It was expressed on: endothelial cells in fetal portions of the placenta and the umbilical cord; epithelial cells of the amnion; decidualized cells surrounding the maternal arteries in the maternal decidua; and the stromal cells and muscle fibers of the myometrium, with particularly strong expression at term. These findings suggest that FSHR expression is upregulated during decidualization and upregulated in myometrium as a function of pregnancy. The presence of FSHR in the placental vasculature suggests a role in placental angiogenesis. Analysis of genetically modified mice in which Fshr is lacking in fetal portions of the placenta revealed adverse effects on fetoplacental development. Our data further demonstrate FSHB and CGA mRNAs in placenta and uterus, consistent with potential local sources of FSH. Collectively, our data suggest heretofore unappreciated roles of extragonadal FSHR in female reproductive physiology.
INTRODUCTION
The field of female reproductive physiology has traditionally considered follicle-stimulating hormone receptor (FSHR) expression and function to be limited to the ovary, where FSH signaling stimulates follicular growth and estrogen synthesis. However, recent studies suggest that FSHR is also present in extragonadal tissues, including some that are unrelated to reproduction. Examples of the latter include osteoclasts, where FSH signaling mediates bone resorption [1, 2] , and endothelial cells of the tumor vasculature, where its role has not yet been elucidated [3] .
The following earlier reports are relevant to FSHR expression and function in extragonadal tissues of the female reproductive tract. Bovine cervix was reported to express FSHR (at both the mRNA and protein levels), and FSH was shown to stimulate prostanoid synthesis in this tissue [4] . In the human endometrium, decidualization is associated with an increase in levels of the FSHR mRNA [5] . Studies in the rat myometrium have indicated that FSH affects electrical activity, although they did not address FSHR expression on the protein or mRNA level [6, 7] . Radu et al. [3] reported that endothelial cells in the chorionic villi of the human placenta at term express FSHR. Finally, we have demonstrated that human umbilical vein endothelial cells (HUVECs) express FSHR, and that FSH stimulates the formation of endothelial tubes and other angiogenic processes with an efficacy comparable to that of vascular endothelial growth factor (VEGF) [8] . We also found that FSH did not stimulate VEGF secretion by HUVECs, suggesting that it signals through endothelial FSHR directly to stimulate angiogenesis. Interestingly, the FSHR in HUVECs is a splice variant that lacks exon 9 [8] , the same FSHR splice variant that is expressed in osteoclasts [9, 10] .
Notably, FSHR was identified as a gene involved in the timing of birth in humans in 2011, when Plunkett et al. [11] discovered an association between intronic FSHR SNPs and preterm birth. It is difficult to reconcile ovarian FSHR as contributing to the timing of birth; it seems more likely that extragonadal sites of FSHR expression are physiologically relevant in this context.
In light of the many lines of evidence pointing to roles for FSHR outside the ovary, we undertook the present study, systematically and thoroughly examining human extragonadal female reproductive tissues and the placenta for FSHR protein expression. Our data reveal novel patterns of extragonadal FSHR expression that are suggestive of roles for FSHR signaling that were not previously considered. Furthermore, we provide evidence substantiating the physiological relevance of placental endothelial FSHR; genetically modified mice lacking Fshr in the fetal component of the placenta undergo abnormal fetoplacental growth.
MATERIALS AND METHODS

Antibodies
FSHR-323 hybridoma cells, which express an immunoglobulin G2a (IgG2a) that recognizes the extracellular domain of the human FSHR and were created and characterized by Radu et al. [3] and Vannier et al. [12] , were obtained from the American Type Tissue Collection, ascites was prepared, and purified IgG2a was generated using the NAb protein G Spin Kit (Thermo Fisher Scientific Inc., Waltham, MA). Purified nonimmune mouse IgG2a was obtained from R&D Systems (Minneapolis, MN).
Rabbit anti-rat FSHR was generously provided by Dr. Mario Ascoli (University of Iowa). Its characterization and specificity have been described previously [13] . This antibody, unlike FSHR-323, cross-reacts with mouse FSHR.
Sample Collection of Human Tissues
Slides of deidentified human tissues were obtained from the University of Iowa Hospital and Clinics Department of Pathology. Deidentified samples of placenta and umbilical cord at term pregnancy were also obtained through the Maternal Fetal Tissue Bank (Institutional Review Board [IRB] no. 200910784) of the University of Iowa Hospital and Clinics Department of Obstetrics and Gynecology. All patients signed written consent forms approved by the IRB (no. 200910784). Human myometrial tissue was also obtained from the lower uterine segment from women undergoing elective cesarean delivery under spinal anesthesia at late pregnancy (38-40 wk gestation) and in the absence of spontaneous or induced labor contractions. In the latter case, all patients signed written consent forms approved by the IRB (no. 199809066). Samples were either prepared for histology or stored at À808C in RNAlater (Qiagen, Valencia, CA) for subsequent RNA isolation.
Immunohistochemistry of Human Tissues
Generally, for each stage and/or tissue type, samples from at least four different patients were examined. The exceptions were placenta at 28-30 wk gestation and cervix, in which cases only two samples were available. Regardless of the tissue examined, no variability in staining patterns across patients was observed. Samples were deparaffinized in xylenes and rehydrated in an ethanol series. Antigen retrieval was performed using citrate buffer at 958C for 15 min. During immunohistochemistry, nonspecific binding was blocked by incubating the samples with filtered PBS (PBS-IH; 137 mM NaCl, 2.7 mM KCl, 1.4 mM KH 2 PO 4 , and 4.3 mM Na 2 HPO 4 [pH 7.4]) containing 10% normal goat serum (Sigma Aldrich, St. Louis, MO) for 2 h at room temperature. FSHR-323 IgG2a and nonimmune IgG2a were each used at 5 lg/ml and were applied in blocking buffer overnight at 48C. After washing, biotinylated goat anti-mouse secondary antibody (4.2 lg/ml; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) was added for 1 h at room temperature. The ABC Standard Kit (Vector Laboratories Inc., Burlingame, CA) was used as per the manufacturer's instructions, and immunoreactivity was visualized with 3,3-diaminobenzidine (Dako North America Inc., Carpinteria, CA) developed for 30 sec. Tissues were counterstained by applying 10% Harris hemotoxylin (Leica Microsystems Inc., Buffalo Grove, IL) before dehydration, and then coverslips were applied. Microscopic viewing and interpretation of the slides were performed with a pathologist (P.A.K.). Images were captured using an Olympus BX61 Light Microscope (Center Valley, PA). Nonhuman primate ovary served as a control, with staining carried out as described above. As expected, specific immunostaining of follicular granulosa cells was observed [8] .
Staining in myometrial sections was quantified using ImageJ software (National Institutes of Health, Bethesda, MD) according to the manufacturer's instructions, with the following modifications. The analysis was limited to FSHR from myometrial smooth muscle by focusing on rectangles of uniform size at the top, right, bottom, left, and center of each image, shifting these as necessary to tissue to avoid blood vessels. For each rectangle, the percentage of pixels exceeding a threshold value of 160 was determined, and then the percentages for all rectangles on a given slide were averaged.
Immunofluorescence Microscopy
Stably transfected 293 cells expressing recombinant human FSHR or human luteinizing hormone/chorionic gonadotropin receptor (LHR) [14] were plated on glass slides before fixation in 4% paraformaldehyde. Nonspecific binding was blocked by incubation in PBS-IH containing 5% bovine serum albumin. Antibody FSHR-323 IgG2a or nonimmune IgG2a was added at 10 lg/ml in blocking buffer for 1 h at room temperature. After washing, Alexa Fluor goat anti-mouse 568 (4 lg/ml; Invitrogen) was added for 1 h at room temperature before slides were mounted in antifade mounting medium containing 4 0 ,6-diamidino-2-phenylindole. Images were captured on a fluorescence microscope.
PCR Amplification of FSHR mRNA From Human Myometrium
Myometrial tissue stored in RNAlater was minced and homogenized. Total RNA was isolated using the PureLink RNA Mini Kit (Ambion/Life Technologies, Grand Island, NY) per the manufacturer's instructions, with the addition of on-column PureLink DNase treatment. RNA was quantified using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Pooled human ovarian RNA was purchased from Clontech (Mountain View, CA).
Reverse transcription was performed with 2 lg of RNA using the SuperScript III First-Strand Synthesis System for RT-PCR (Life Technologies) as described previously [8] . Polymerase chain reactions were performed using Taq DNA Polymerase with Standard Taq Buffer (New England BioLabs, Ipswich, MA) containing magnesium chloride. After 2 min of 958C, 40 cycles of 958C, 558C-598C (depending on the primers), and 688C were used in a BioRad iCycler iQ Thermocycler (Hercules, CA).
Oligonucleotide primers were obtained from Integrated DNA Technologies (Coralville, IA). Traditional PCR methods using random hexamers for reverse transcription were used to amplify exons 2-3 of FSHR mRNA, as described previously [9, 10] . Primers spanning exons 2-3 of the FSHR mRNA (expected size: 120 bp) were: forward, CTCACCAAGCTTCGAGTCATCCAA; and reverse, AAGGTTGGAGAACACATCTGCCTCT. To test for the presence of FSHR mRNA splice variants [9, 10, 15] , PCR amplifications of exons 8-10, 1-4, or 4-7 of FSHR mRNA were performed using a modified, more sensitive procedure [8] [9] [10] in which gene-specific reverse transcription reactions were performed using 20 pM reverse primers of each primer set (see below) before PCR. Primers spanning exons 8-10 (expected sizes: 320 bp for FSHR mRNA containing exons 8, 9, and 10; and 140 bp for a splice variant lacking exon 9 [D9]) were: forward, AGCCTCTGGACCAGTCATTCT; and reverse, CTCTGCTGTAGCTGGACTCAT; as described previously [8] [9] [10] . Primers spanning exons 1-4 (expected sizes: 237 bp for FSHR mRNA containing exons 1, 2, 3, and 4; and 166 bp for a splice variant lacking exon 2 [D2]) were: forward, CTGCCAAGAGAGCAAGGTGA; and reverse, GTAGAG CAGGTTGTTGGCCT. Primers spanning exons 4-7 (expected sizes: 279 bp for FSHR mRNA containing exons 4, 5, 6, and 7; and 202 bp for a splice variant lacking exon 6 [D6]) were: forward, GCCAACAACCTGCTCTACAT; and reverse, GCTCATCTAGTTGGGTTCCATT. Products were visualized on a 2% agarose gel.
PCR Amplification of mRNAs Encoding FSH Subunits
Amplification of mRNA encoding the b subunit of FSH (FSHB mRNA) and the a subunit of the glycoprotein hormones (CGA mRNA) was performed using traditional PCR on human pituitary cDNA (Biochain Institute, Newark, CA) or modified PCR using gene-specific reverse transcription (described immediately above) on all other human reproductive tissues tested. Human umbilical vein endothelial cells were obtained and cultured as described previously [8] . Primers for FSHB mRNA were those described by Bieche et al. [16] . The primers spanning exons 2-3 of FSHB mRNA (expected size: 144 bp) were: forward, TGGTGTGCTGGCTACTGCTAC; and reverse, ATACAAG GAATCTGCATGGTGAG. Primers for the CGA mRNA spanning exons 1-3 (expected size: 177 bp) were: forward, GAGAAAGGAGCGCCATGGATTA; and reverse, CAGCCCATGCACTGAAGTATTG.
FORKO Mice
FORKO mice, which represent a global knockout of Fshr and were created and characterized by Dr. R. Sairam [17] [18] [19] , were rederived (A.A.-H.) with Dr. Sairam's permission. These mice were then moved to, and bred at, the University of Iowa Animal Facility. All animals were housed under standard conditions, on a 12L:12D cycle, with access to water and food ad libitum. Animal care procedures were approved by the Institutional Animal Care and STILLEY ET AL.
Use Committee for the University of Iowa, and were performed in accordance with the standards set by the National Institutes of Health. At weaning, the mice were separated by sex, and an ear punch was performed for identification and DNA genotyping.
To facilitate the collection of placental and fetal tissues, we synchronized postpubertal Fshr þ/À females in the estrous cycle, as described by Whitten [20] . Fshr þ/À females thus treated were caged with Fshr þ/À males, and pregnant dams were killed 14-16 days post conception (dpc). Uteri were excised and the fetoplacental units were removed. The fetus and placenta were then separated and weighed individually. Fetuses were snap frozen and stored for genotyping. A total of 54 fetoplacental units were isolated from 9 pregnant dams. For each pregnant dam, the weight of each fetus was normalized to the mean weight of the Fshr þ/À fetuses in that litter, and the weight of each placenta was normalized to the mean weight of the placentae associated with the Fshr þ/À fetuses. (Normalization was not performed relative to Fshr þ/þ littermates because they were not present in all litters). Therefore, the values for each fetus and placenta were expressed as a percentage of the mean weight for the heterozygotes in that litter. Normalized data for fetuses and placentae from all pregnant dams were then pooled and analyzed.
Genotyping
Frozen ear punches or fetal tissue (approximately 20 mg) were used to genotype the FORKO mice. DNA was extracted using the DNeasy Blood & Tissue Kit as per the manufacturer's instructions (Qiagen). The PCR for Fshr genotyping was performed as described previously [17] .
Immunohistochemistry of Mouse Tissues
Fshr þ/À mice were crossed and term placentae from wild-type and Fshr
littermates were collected and stained for FSHR. The protocol was essentially the same as described above for human tissues, except that rabbit anti-rat FSHR (1:5000) or preimmune rabbit serum at the same dilution (negative control) was used as the primary antibody, and biotinylated goat anti-rabbit IgG Fab (1:500) from Jackson ImmunoResearch Laboratories was used as the secondary antibody.
Statistical Analyses
Quantified data are expressed as the mean 6 SEM. The statistical significance of differences between groups was determined using the Student ttest, or one-way ANOVA where appropriate. Analyses were performed using GraphPad Prism (GraphPad Software Inc., La Jolla, CA). Significance was defined as P , 0.05.
RESULTS
Localization of FSHR in the Human Term Placenta and Associated Tissues
Expanding upon previous findings reported by Radu et al. [3] demonstrating FSHR expression in the endothelial cells of blood vessels in the chorionic villi of term human placenta, we sought to determine sites of FSHR expression in placentae from various stages of pregnancy, starting with term placentae. These studies were performed with antibody FSHR-323, a monoclonal antibody against human FSHR [3, 12] . Previous studies by Vannier et al. [12] and Radu et al. [3] had validated the specificity of antibody FSHR-323 by showing, among other criteria, expected patterns of FSHR expression in human ovary and testes. In addition, using antibody FSHR-323, we previously demonstrated the expected FSHR localization when staining nonhuman primate ovary [8] . Herein, we further demonstrate that antibody FSHR-323 stains 293 cells expressing recombinant human FSHR, but not cells expressing recombinant human LHR (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org).
In placentae collected between 38 and 40 wk gestation, FSHR staining was intense in the endothelial cells of blood vessels in the chorionic villi (Fig. 1, A and B) . FSHR staining was also visible, albeit less prominent, in the stromal cells of the villi (Fig. 1A) . Examination of chorionic villi at higher magnification revealed that trophoblasts did not express FSHR (Fig. 1B) . Examination of the amnion-chorion interface indicated that FSHR is expressed in the epithelial cells of the outer layer of the amnion (Fig. 1C) , as well as in stromal fibroblasts.
Within the maternal decidua ( Fig. 1 , C and D), the stroma was found to be positive for FSHR staining. Notably, the staining was quite intense in clustered subsets of decidual cells (labeled D 1 in Fig. 1D ), whereas in general the decidual cells within the stroma exhibited more moderate levels of expression (labeled D 2 ). In addition, endothelial cells of the maternal blood vessels in the decidua stained for FSHR (Fig. 1C) . It should be noted that underlying the layer of strongly stained decidua, nonspecific staining of neutrophils was observed (labeled N in Fig. 1D ). Because of their high myeloperoxidase content, neutrophils typically exhibit nonspecific staining, regardless of the primary antibody.
Examination of term umbilical cord revealed FSHR expression in the endothelial cells of the umbilical artery, as well as in both the inner and outer layers of the smooth muscle of this structure ( Fig. 2A) . Within the umbilical vein (Fig. 2B) , the tunica interna (endothelial cells) stained strongly and the tunica media moderately (Fig. 2B) . Fibroblasts within Wharton jelly also expressed FSHR, as did the amniotic epithelium (Fig.  2C) .
Localization of FSHR in Human Placenta and Its Associated Tissues at 28-30 wk Gestation
Analysis of placentae and umbilical cords collected between 28 and 30 wk gestation revealed patterns of FSHR staining similar to those described above for term samples. In the case of the placentae, intense staining for FSHR was observed in endothelial cells of the chorionic villi (Fig. 3A) , and this was the case for both small, developing vessels and larger, more mature vessels; more moderate FSHR staining was visible in the stromal cells of the villus, as was most readily seen in the anchoring villi; and no staining was observed in the case of trophoblasts (Fig. 3B) . At the amnion-chorion interface, amniotic epithelial cells (Fig. 3B) , stromal fibroblasts, maternal decidual cells, and endothelial cells of maternal blood vessels (Fig. 3C) were positive for FSHR. Again, clustered subsets of decidual cells stained intensely for FSHR, whereas others stained weakly, and endothelial cells stained intensely.
Localization of FSHR in Human Placenta and Its Associated Tissues at 18-20 wk Gestation
Analysis of placentae collected between 18 and 20 wk gestation also yielded results similar to those reported above for their more mature counterparts. In spite of the fact that many of the chorionic vessels develop into more mature vessels during this period, FSHR staining was intense in the endothelial cells of chorionic villi (Fig. 4A) ; this was the case regardless of maturity of the chorionic villi, size of the vessel, or location of the vessel. Moreover, stromal cells were positive, and trophoblasts negative, for FSHR staining.
Results for the amnion-chorion interface were likewise consistent with the findings from later time points. Both the amniotic epithelial layer and the stromal fibroblasts were positive for FSHR staining, with much stronger staining in the epithelial layer (Fig. 4B) . Also, in umbilical artery FSHR was expressed in endothelial cells and in the two muscle layers of the arteries (Fig. 4C) , and in the umbilical vein it was present in the endothelial tunica interna, the tunica media, and fibroblasts of Wharton jelly (Fig. 4D) .
EXTRAGONADAL AND PLACENTAL FSHR
The maternal decidua at 18-20 wk gestation is of particular interest because at this stage maternal spiral arteries are actively remodeling. As shown in Figure 5A , the expression of FSHR in decidual cells was nonhomogeneous, being strongly expressed in clustered groups of decidual cells, but weakly or not at all in others. Notably, and as is more clearly observed in the higher-magnification views shown in Figure 5 , B-D, the inner linings of the maternal vessels were sometimes positive and sometimes negative for FSHR. The absence of FSHR in maternal vessels seems to correlate with vessel remodeling, (Fig. 5C and lower rectangle of Fig. 5B ). The areas adjacent to maternal vessels lacking FSHR staining were populated with decidual cells staining intensely for FSHR ( Fig.  5C and lower rectangle of Fig. 5B ). In contrast, in areas of maternal vessels that had not yet undergone remodeling and had endothelial cells still present, FSHR expression was observed in the endothelium, and in this case the nearby decidual cells stained less intensely for FSHR (Fig. 5D and  upper rectangle of Fig. 5B ).
EXTRAGONADAL AND PLACENTAL
FSHR given the presence of invading extravillous trophoblasts lining maternal vessels and thus lacking endothelial cells in those sections
Localization of FSHR in Human Placenta and Associated Tissues at 8-10 wk Gestation
Interestingly, FSHR expression was detected as early as 8-10 wk gestation, the earliest time frame examined. In placentae collected between 8 and 10 wk gestation, FSHR was again strongly expressed in endothelial cells of the developing chorionic villi (Fig. 6A) , moderately expressed in stromal cells of the chorionic vessels, and not expressed in trophoblasts. However, unlike decidua at later stages of gestation, FSHR staining was generally strong through most of the decidua, with the regions adjacent to the chorion and surrounding the maternal lacunae being particularly intense (Fig. 6B) . Maternal blood vessel endothelial cells were positive, whereas maternal lacunae were lined with FSHR-negative trophoblasts surrounded by FSHR-positive decidual cells (Fig. 6B) .
Potential Role of Fetoplacental FSHR in a Mouse Model
Like endothelial cells of the chorionic villi in the human term placenta, the vasculature of the labyrinth zone of mouse term placenta, the major site of maternal-fetal exchange, expresses FSHR protein (Fig. 7A) . In an effort to determine potential functional ramifications of placental FSHR, we took advantage of a mouse model in which the Fshr is globally knocked out [19] , performing the following experiments. We crossed Fshr þ/À males to females, which would theoretically produce litters comprising Fshr þ/À fetuses, Fshr þ/þ fetuses, and Fshr À/À fetuses. This is possible because, although Fshr À/À mice are infertile, Fshr þ/À mice retain a reduced level of fertility [18] . Importantly, because most of the mouse placenta, including the labyrinth, is genetically dictated by the fetal genotype [21] , when all pregnant dams are of the same genotype (in this case Fshr þ/À ) it is possible to determine the extent to which deletion of Fshr from the fetal portion of the placenta affects fetal and placental development. These conditions therefore permit the analysis of fetoplacental growth as a function of the fetal Fshr genotype.
Fetoplacental units were collected from pregnant Fshr þ/À females that had been mated with Fshr þ/À males at midgestation (14-16 dpc). The fetus and placenta were then separated and weighed, and the fetus was genotyped. For each pregnant dam, the weights of the fetuses were normalized to the mean weight of the Fshr þ/À fetuses in the same litter (unlike Fshr þ/þ fetuses, Fshr þ/À were present in all litters), and those of the placentae were normalized to the mean weight of placentae from Fshr þ/À fetuses in the same litter. Normalized data for fetuses and placentae from all pregnant dams (9 pregnancies and 54 fetoplacental units) were then pooled and analyzed. As expected, placentae associated with Fshr À/À mice did not express FSHR, as determined by immunostaining (Fig.  7B) . The placentae associated with Fshr null and heterozygous fetuses each exhibited a 30% decrease in weight compared with placentae from their wild-type littermates (Fig. 8A) . Thus, haploinsufficiency of fetoplacental Fshr significantly blunted placental growth, and ablation of both fetoplacental Fshr alleles caused no further attenuation of placental growth. The weights of Fshr À/À fetuses were also significantly (21%) lower than wild-type littermate fetuses (Fig. 8B) , consistent with a restriction of fetal growth as a consequence of a lack of fetoplacental FSHR. Although the fetal weights of the heterozygotes exhibited a trend towards a reduction relative to those of their wild-type littermates (12%), this difference did EXTRAGONADAL AND PLACENTAL FSHR not reach statistical significance. Finally, at midgestation there were fewer Fshr À/À fetuses and more wild-type fetuses than would be expected according to Mendelian inheritance (Fig.  8C) . Furthermore, in three of the litters in which fetal loss was detectable (at 14 dpc), the tissue that remained was adequate for genotyping; all of these fetuses were of the Fshr þ/À phenotype. Taken together, these results indicate that normal placental and fetal development requires fetoplacental Fshr.
Localization of FSHR in Human Nonpregnant Reproductive Tissues
Because FSHR expression was observed in the decidual layer of the pregnant uterus in women, we sought to determine whether it is also expressed in the uterus of nonpregnant women. Nonpregnant endometrium was examined in both the proliferative and secretory phases. In the proliferative phase, endometrial glands throughout the glandular epithelium stained intensely for FSHR (Fig. 9A ). In addition, endometrial blood vessels exhibited a strong FSHR signal, and the endometrial stroma exhibited a moderate one. In the secretory-phase endometrium, the glands were also positive for FSHR but, notably, often only at the base of the glandular epithelium (Fig.  9B) . Furthermore, FSHR expression in the stroma seemed to be lower in this context, whereas that in the endometrial blood vessels remained strong.
Nonpregnant cervix was also examined. FSHR staining was intense in both the glandular epithelium and the cervical muscle fibers (Fig. 9C) . With regard to the blood vessels, FSHR was also present in both the endothelial cells and arterial smooth muscle (Fig. 7D) .
Localization of FSHR in Human Nonpregnant Versus Pregnant Myometrium
Nonpregnant myometrium was also examined for expression patterns of FSHR (Fig. 10A) . These findings were consistent with those for the nonpregnant cervix in that both the endothelial cells in the myometrial vessels and arterial smooth muscle were positive. However, in this case only a weak signal was detected in the muscle fibers.
To determine whether FSHR in the myometrial muscle fibers remains low during pregnancy, we examined myometrium samples from women at term. As shown in Figure 10B , FSHR staining was strong not only in the endothelial cells and arterial smooth muscle, but also in the muscle fibers. The results shown in Figure 10 , A and B, are representative of samples from three nonpregnant and three pregnant (term) women, respectively, and were processed together. The immunohistochemical data from all six samples were quantified for relative levels of FSHR specifically in the muscle fibers and stroma (i.e., excluding signal in the endothelial cells of the blood vessels). This analysis revealed that FSHR levels in the muscle fibers and stroma of pregnant (term) myometrium were nearly 10-fold higher than those in nonpregnant myometrium (Fig. 10C) .
Human myometrium from term pregnancy was further examined for the presence of FSHR mRNA. Polymerase chain reaction amplification of exons 2-3 of FSHR mRNA, a region common to the full-length FSHR mRNA (the form most prevalent in ovary) and most known FSHR mRNA splice variants [8] [9] [10] 15] , revealed a band of the expected size (Fig.  11A) . Splice variants lacking exon 2 (Fig. 11B), exon 6 (Fig.  11C) , or exon 9 (Fig. 11D) were not detected. Therefore, in contrast to endothelial cells, which express FSHR mRNA as a splice variant lacking exon 9 [8] , myometrium expresses fulllength FSHR mRNA.
Messenger RNAs Encoding FSH Subunits in Human Extragonadal Reproductive Tissues
Although it is feasible to view pituitary FSH exerting actions on FSHR in the extragonadal reproductive tissues of nonpregnant women, it is difficult to envision similar endocrine actions of FSH on the extragonadal reproductive tissues of pregnant women because maternal FSH is suppressed during pregnancy [22] . Therefore, in light of reported paracrine effects of oxytocin on the pregnant uterus [23, 24] , we sought to determine whether during pregnancy FSH might be synthesized locally, where it could act by paracrine or autocrine mechanisms on the placenta and uterus. To this end, we examined uteroplacental tissue (including the maternal decidua and placenta), placenta (maternal decidua and amnion removed), maternal uterine decidua, and uterine myometrium from term pregnancy, as well as HUVECs, for the potential presence of mRNAs encoding the b subunit of FSH (from the FSHB gene) and the common glycoprotein a subunit (from the CGA gene), including human pituitary as a positive control. As shown in Figure 12 , uteroplacental tissue, placenta, decidua, and myometrium, but not HUVECs, revealed expression of the FSHB and CGA genes, providing evidence for the potential local synthesis of FSH in these tissues.
DISCUSSION
Our results demonstrate that FSHR protein is expressed not only in ovarian granulosa cells, as is well documented, but also in numerous other cell types of the female reproductive tract. Furthermore, they reveal that during pregnancy FSHR is expressed in the placenta, umbilical cord, amnion, and maternal decidua.
With respect to the human placenta, FSHR was present in the endothelial cells of chorionic villi at term, as well as in those of the developing villi by 8-10 wk gestation (the earliest time point examined), suggesting that endothelial FSHR may contribute to development of the placental vasculature. Consistent with this premise, we previously showed that primary cultures of HUVECs express FSHR and respond to FSH with the stimulation of several angiogenic processes, including the formation of tubelike structures, with an efficacy similar to that of VEGF [8] . Proper development of the EXTRAGONADAL AND PLACENTAL FSHR placental vasculature during pregnancy is essential for sufficient transplacental exchange, and thus for the support of normal fetal growth. Indeed, insufficient placental vascularization has been associated with early embryonic mortality and with intrauterine growth retardation and/or preeclampsia [25] [26] [27] [28] [29] [30] [31] [32] .
The results of our experiments presented herein using genetically altered mice are consistent with the premise that the presence of FSHR in the placenta is essential for normal pregnancy. All of the pregnant females used in analyzing fetoplacental growth as a function of fetal Fshr genotype (which dictates the genetic composition of most of the mouse placenta, including the labyrinth) were haploinsufficient, ensuring any adverse pregnancy outcomes pertaining specifically to parental genotype would not affect the conclusions from this particular comparative study. The decrease in fetal and placental weights observed at midgestation (14-16 dpc) in the case of the fetoplacental Fshr À/À genotype suggests that the absence of FSHR leads to growth restriction. Interestingly, even haploinsufficiency of placental Fshr resulted in decreased placental weight and a trend toward decreased fetal weight. These observations suggest that, unlike the ovary, the placenta expressed FSHR at relatively low levels and therefore does not express spare FSHR. This presumption is consistent with our findings in HUVECs, where we detected relatively low densities of FSHR by 125 I-FSH-binding assays and relatively low levels of FSHR mRNA [8] .
Moreover, our observation of a low percentage of Fshr 
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Fshr þ/À mice were intercrossed stated that the pattern of inheritance was Mendelian [17, 33] , in the instance where the data were presented the numbers were consistent with our observations of a high ratio of Fshr þ/þ fetuses at the expense of their Fshr À/À counterparts [33] . Notably, the fetal remnants identified at 14 dpc in our study were all of the Fshr þ/À genotype, leading us to speculate that reabsorption of the Fshr À/À fetuses occurs earlier in gestation. Collectively, the data presented herein and in our report on HUVECs [8] suggest that endothelial cell FSHR in the placental vasculature promotes angiogenesis, and that insufficient signaling through the placental endothelial FSHR has an adverse effect on growth of both the fetus and the placenta.
Our analysis also revealed that during pregnancy, FSHR is expressed in several other tissues: the umbilical cord (endothelial cells of the blood vessels and smooth muscle surrounding the artery), the amnion (epithelial cells and the stroma), and the maternal decidua (decidual cells and endothelial cells of the blood vessels). The presence of FSHR in the endothelial cells of umbilical cord blood vessels suggests a potential role in mediating the significant increase in maternal-fetal blood flow that is required for a successful pregnancy [31, 34] . In the case of the placenta-associated maternal decidua, the pattern of FSHR expression was particularly intriguing. Specifically, the observation of high levels of FSHR in clusters of decidual cells was distinct from the pattern in nonpregnant endometrium, where FSHR was highly expressed in the glands but at relatively low levels in the stroma.
With respect to FSHR in the decidua, we note that a microarray study by Popovici et al. [5] revealed that FSHR mRNA increased in human endometrial stromal cells decidualized with progesterone or cAMP. Furthermore, adding FSH to stromal cells isolated from proliferative human endometrium has been reported to induce a decidual phenotype that includes expression of the prolactin receptor [35] . Our findings documenting FSHR protein expression in human decidual cells extend these earlier studies and highlight the nonhomogeneous nature of FSHR expression in the decidua. The observed expression of FSHR in the endothelial cells of maternal blood vessels in the decidua is likewise notable. In particular, it is striking that at 18-20 wk gestation the maternal spiral arteries, which appeared to be undergoing remodeling based on the presence of extravillous trophoblasts, were themselves negative for FSHR but were surrounded by decidual cells that were intensely positive. Based on this FIG. 11 . FSHR mRNA in human term myometrium. RNAs from human myometrium from one patient at term pregnancy and from pooled human ovaries were examined for FSHR mRNA transcripts as described in Materials and Methods. FSHR mRNA from exons 2-3 (A), exons 1-4 (B), exons 4-7 (C), and exons 8-10 (D) indicated the presence of full-length FSHR mRNA and the absence of FSHR mRNA splice variants lacking exons 2, 6, or 9, respectively, in myometrium. Each panel represents data from one gel. In a given panel, spaces between images represent where one or more lanes containing irrelevant data were excised from the figure.
FIG. 12. Messenger RNAs encoding FSH subunits are present in extragonadal reproductive tissues. Polymerase chain reaction was used to amplify CGA mRNA encoding the glycoprotein a subunit (A) and FSHB mRNA encoding the b subunit of FSH (B) in human tissues, as described in Materials and Methods. Human tissues from term pregnancy included uteroplacental tissue (U-P), placenta (P; maternal decidua and amnion removed), uterine decidua (Dec), and uterine myometrium (Myo). The HUVECs (H) were also analyzed. Human pituitary (Pit) was included as a positive control. Each panel represents data from one gel. In a given panel, spaces between images represent where one or more lanes containing irrelevant data were excised from the figure.
EXTRAGONADAL AND PLACENTAL FSHR observation, we speculate that cross talk between the decidual cells and spiral arteries coordinates FSHR expression to promote an environment optimal for vessel remodeling. Collectively, the expression patterns of FSHR in the maternal decidua suggest that this receptor may play heretofore unappreciated roles in implantation of the embryo and in remodeling the maternal spiral arteries.
The data presented here also reveal FSHR in the glands and smooth muscle of nonpregnant human cervix as well. The roles of cervical FSHR in nonpregnancy and pregnancy remain to be elucidated. In contrast to cervical smooth muscle in nonpregnant women, myometrial smooth muscle in this population was found to express very little FSHR protein. However, in pregnant myometrium at term, the levels of FSHR were ;10-fold higher. Previous studies showed that applying FSH to the myometrium of nonpregnant adult rats suppresses spectral components of myoelectrical signals, consistent with FSH playing a role in the suppression of uterine activity in the nonpregnant state [6, 7] . Important outstanding questions are whether the effects of FSH on the myometrium differ in the nonpregnant and pregnant states, and among different gestational stages during pregnancy.
Notably, a recent study identified FSHR as a gene involved in the timing of birth in humans, and showed that intronic single-nucleotide polymorphisms in this gene are associated with preterm birth [11] . The expression patterns of FSHR protein reported in the current study identify the cervix, myometrium, and amnion as extragonadal sites that could potentially contribute to the timing of parturition.
Although FSHR protein is detected by immunostaining in various tissues of the female reproductive tract, the immunostaining does not inform us regarding whether it is the fulllength FSHR and/or a splice variant of the receptor that is expressed [8] [9] [10] 15] . As shown herein, human myometrium from term pregnancy expresses the full-length FSHR mRNA, the form most abundant in ovary. In contrast, HUVECs do not express the full-length FSHR mRNA, but rather a splice variant lacking exon 9 [8] . FSHR(D9) is functional, as demonstrated by the FSH stimulation of angiogenic processes in HUVECs [8] and by FSH-stimulated bone loss mediated by osteoclasts, both of which similarly express only FSHR(D9) [1, 2] . It remains to be determined which form(s) of FSHR are expressed in other cells of the female reproductive tract.
The premise that extragonadal FSHR is important for a healthy pregnancy demands that there be locally produced FSH, because maternal pituitary FSH secretion is inhibited during pregnancy [22] . In such a scenario, relatively low concentrations of FSH that may have gone largely undetected to date could be sufficient to exert physiologically relevant paracrine effects. A precedent for regulation of this type comes from the study of oxytocin, a known regulator of parturition that is frequently used to stimulate labor clinically; this hormone is thought to exert its effects through paracrine, rather than endocrine, mechanisms [23, 24] . Indeed, oxytocin is synthesized in the decidua and, to a lesser extent, the chorion and amnion [24, 36, 37] . We postulate that FSH may function similarly, being produced at low concentrations in the uterus and/or placenta, where it can exert local effects. Data presented reveal that both FSHB mRNA (encoding FSHb) and CGA mRNA (encoding the common a subunit) are present in the placental chorionic plate and uterine decidua from term placenta (amnion was not examined) as well as pregnant term myometrium. Neither subunit was detected in HUVECs, suggesting that FSHR in the endothelial cells of the placental vasculature is likely responding via paracrine mechanisms to FSH produced in other cells within the placenta. Interestingly, decidua and myometrium each express FSHR as well as FSHB and CGA mRNAs, suggesting paracrine and/or autocrine actions of FSH in those tissues. Additional data supporting the expression of FSHB and CGA genes in uteroplacental tissues are within microarray data deposited with the National Center for Biotechnology Information's GEO [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] .
In conclusion, it should be noted that a population-based cohort study of women revealed that increased risks for small for gestational age babies, premature births, and perinatal deaths were attributable to factors leading to infertility or subfertility and not to factors related to assisted reproductive technology [48] . Decreased signaling through the FSHR can, of course, contribute to infertility or subfertility by virtue of the role of ovarian FSHR in promoting follicular growth. Therefore, in light of our studies, it is provocative to consider that if a women with attenuated FSHR signaling were to achieve pregnancy, decreased FSHR signaling in extragonadal tissues may increase her risk for adverse pregnancy outcomes.
